
)LEHU )DEULFDWLRQ
DQG &KDUDFWHUL]DWLRQ�

� ,QWURGXFWLRQ

7KH IDEULFDWLRQ RI DQ RSWLFDO�nEHU FDEOH FRQVLVWV RI WKH PDQXIDFWXULQJ IDEULFDWLRQ RI WKH

JODVV PDVWHU �FDOOHG D ?SUHIRUP��� WKH GUDZLQJ RI WKH nEHU LWVHOI� DQG WKH EXQGOLQJ RI

WKH nEHU� VWUHQJWK PHPEHUV� nOOHU \DUQV� DQG RWKHU FRPSRQHQWV LQWR D FDEOH� :H ZLOO

FRQVLGHU nUVW WKH IDEULFDWLRQ DQG WHVWLQJ RI WKH RSWLFDO nEHUV DQG WKHQ WKH FRQFHUQV LQ

DVVHPEOLQJ DQ RSWLFDO FDEOH� 7KH IDEULFDWLRQ RI WKH nEHU FDQ EH GRQH ZLWK HLWKHU RI

WZR FODVVHV RI WHFKQLTXHV� WKRVH XVLQJ KLJK�PHOWLQJ�WHPSHUDWXUH JODVVHV LQYROYLQJ YDSRU

GHSRVLWLRQ RI WKH JODVV PDWHULDO DQG WKRVH XVLQJ ORZ�PHOWLQJ�WHPSHUDWXUH JODVVHV WKDW

PDNH WKH nEHU GLUHFWO\ IURP WKH PHOWHG JODVV� 7KH nEHU LV GUDZQ IURP WKH VWRFN PDWHULDO

E\ D SXOOLQJ PDFKLQH XQGHU FRQVWDQW WHQVLRQ DQG UHHOHG RQ D VSRRO� )ROORZLQJ WHVWLQJ DQG

FKDUDFWHUL]DWLRQ RI WKH nEHU� LW LV LQFRUSRUDWHG LQWR DQ RSWLFDO FDEOH KDYLQJ WKH GHVLUHG

HQYLURQPHQWDO SURWHFWLYH IHDWXUHV�

� *ODVV

*ODVV LV DQ DPRUSKRXV FU\VWDOOLQH PDWHULDO WKDW KDV D ZLGH UDQJH RI YLVFRVLW\ YDOXHV

DV D IXQFWLRQ RI WHPSHUDWXUH� 8QOLNH RUGLQDU\ FU\VWDOV WKDW KDYH D UHJXODU SHULRGLF

ODWWLFH RI DWRPV DQG D ZHOO GHnQHG PHOWLQJ WHPSHUDWXUH� JODVV LV DQ LUUHJXODU VXVSHQVLRQ

RI PROHFXOHV DQG QR ZHOO GHnQHG PHOWLQJ WHPSHUDWXUH� ,QVWHDG� DV WKH WHPSHUDWXUH

LQFUHDVHV� WKH YLVFRVLW\ GHFUHDVHV� 6LQFH WKHUH LV QRW DQ DEUXSW FKDQJH LQ WKH SKDVH RI WKH

PDWHULDO� WKH PHOWLQJ WHPSHUDWXUH EHFRPHV D PDWWHU RI GHnQLWLRQ UDWKHU WKDQ D SK\VLFDO

REVHUYDEOH� 7KH VRIWHQLQJ WHPSHUDWXUH RFFXUV DW D YLVFRVLW\ YDOXH RI ����d��� SRLVH DQG

WKH ZRUNLQJ WHPSHUDWXUH DW D YLVFRVLW\ YDOXH RI ���d ��� SRLVH�

)RU nEHU�RSWLFV SXUSRVHV� WKHUH DUH WZR JHQHUDO NLQGV RI JODVV� 7KH PDMRULW\ RI nEHUV

DUH PDGH RI IXVHG VLOLFD �6L2�� WR ZKLFK GRSDQW PDWHULDOV DUH DGGHG WR FKDQJH WKH LQGH[

RI UHIUDFWLRQ� 6RPH nEHUV DUH PDGH RI VRIWHQLQJ PXOWLFRPSRQHQW JODVVHV >�@� L�H�� WKH\ DUH

PDGH XS RI D YDULHW\ RI FRPSRQHQWV� ([DPSOHV RI WKH ODWWHU LQFOXGH VRGLXP ERURVLOLFDWH

�1D�2�%�2��6L2�� DQG VRGD OLPH VLOLFDWH �1D�2�&D2�6L2��� 7KH ZRUNLQJ WHPSHUDWXUH

IRU WKH VLOLFD�EDVHG JODVVHV LV LQ WKH YLFLQLW\ RI ���� &� ZKLOH WKH ZRUNLQJ WHPSHUDWXUH RI

WKH FRPSRXQG JODVVHV LV ��� &� 7KH UROH RI GRSDQWV LQ VLOLFD JODVV LV VKRZQ LQ )LJ� � RQ

WKH IROORZLQJ SDJH� ZKLFK SORWV WKH LQGH[ RI UHIUDFWLRQ RI WKH JODVV YV� WKH FRQFHQWUDWLRQ

RI GRSDQW PDWHULDO� +HUH ZH VHH WKDW WKH DGGLWLRQ RI *H2� RU 3�2� UDLVHV WKH LQGH[�

ZKLOH WKH DGGLWLRQ RI %�2� ORZHUV WKH LQGH[� +HQFH� WKH DGGLWLRQ RI WKH SURSHU HOHPHQW

�)URP -RKQ 3RZHUV� $Q ,QWURGXFWLRQ WR )LEHU 2SWLF 6\VWHPV� Fo5LFKDUG '� ,UZLQ� ,QF�� DQG $NVHQ

$VVRFLDWHV� ,QF�� %XUU 5LGJH ,/� �����



� )LEHU )DEULFDWLRQ

)LJXUH �� 5HIUDFWLYH LQGH[ RI VLOLFD�EDVHG JODVV YV� FRQFHQWUDWLRQ RI GRSDQW�

LQ WKH ULJKW SURSRUWLRQ FDQ UDLVH RU ORZHU WKH UHIUDFWLYH LQGH[ WR WKH GHVLUHG YDOXH� 1RWH

IURP WKH nJXUH WKDW ZH FDQ UDLVH WKH LQGH[ E\ D c RI ���� DQG ORZHU LW E\ RQO\ �����

%HFDXVH RI WKH ZLGH GLmHUHQFH LQ ZRUNLQJ WHPSHUDWXUHV IRU WKH WZR W\SHV RI JODVV� WKHUH

KDYH HYROYHG WZR IXQGDPHQWDOO\ GLmHUHQW WHFKQLTXHV LQ PDNLQJ nEHUV� RQH LQYROYLQJ WKH

XVH RI SUHIRUPV DQG DQRWKHU JURZLQJ WKH nEHUV GLUHFWO\ IURP PHOWHG JODVV�

� 3UHIRUP )DEULFDWLRQ >�� �@

)DEULFDWLRQ RI nEHUV XVLQJ KLJK�PHOWLQJ�WHPSHUDWXUH VLOLFD JODVV XWLOL]HV SUHIRUPV ZKLFK

DUH F\OLQGHUV RI JODVV� WHQV RI PLOOLPHWHUV LQ GLDPHWHU� ZLWK DQ LQGH[ RI UHIUDFWLRQ SURnOH

WKDW LV DQ HQODUJHG UHSOLFD RI WKH GHVLUHG SURnOH �L�H�� WKH FRUH DUHD DQG FODGGLQJ DUHD DUH

LQ WKH VDPH SURSRUWLRQ WKDW WKH\ ZLOO EH LQ WKH nEHU�� %RWK JUDGHG�LQGH[ DQG VWHS�LQGH[

nEHUV FDQ EH PDGH E\ WKLV WHFKQLTXH� 7KH SUHIRUP VHUYHV DV WKH VWRFN PDWHULDO IRU WKH

nEHU GUDZLQJ SURFHVV DQG VKRXOG EH DV ORQJ DV SRVVLEOH WR PD[LPL]H WKH DPRXQW RI nEHU

WKDW FDQ EH GUDZQ IURP D VLQJOH SUHIRUP� 7KH SUHIRUPV IRU WKH VLOLFD�EDVHG JODVV DUH

XVXDOO\ PDGH E\ D YDSRU SKDVH SURFHVV�

7KHVH WHFKQLTXHV VWDUW ZLWK D KLJK�SXULW\ VLOLFD�EDVH VWRFN� ,PSXULWLHV DQG JODVV DUH

WKHQ GHSRVLWHG WR FKDQJH WKH LQGH[ RI UHIUDFWLRQ LQ D SUHVFULEHG IDVKLRQ� 7\SLFDOO\ WKH

LPSXULWLHV DQG JODVV DUH LQWURGXFHG DV D YDSRU RI FKORULGH FRPELQDWLRQV WKDW DUH R[LGL]HG

LQ D oDPH WR SURGXFH WKH GHVLUHG GRSDQW SURGXFWV DQG WKDW FRPELQH ZLWK VLOLFD YDSRU

IRU WKH GHSRVLWLRQ SURFHVV� 7\SLFDO UHDFWLRQV LQFOXGH

6L&O� � 2� b� 6L2� � �&O�
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7KH nUVW SURGXFWV DUH WKH GHVLUHG JODVV DQG GRSDQWV� WKH FKORULQH E\�SURGXFWV DUH H[�

WUDFWHG LQ WKH H[KDXVW� +\GURJHQ�EDVHG oDPHV FDQ DOVR EH XVHG IRU K\GURO\VLV� EXW WKH

UHVXOWLQJ ZDWHU SURGXFW PXVW VXEVHTXHQWO\ EH UHPRYHG E\ FDUHIXO GU\LQJ WR DYRLG H[FHVV

ORVVHV LQ WKH JODVV GXH WR WKH K\GUR[\O LRQV�

7KH JODVV\ SURGXFW RI WKH YDSRUV LV FDOOHG VRRW DQG LV GHSRVLWHG RQ WKH VXUIDFH RI D

JODVV RU JUDSKLWH URG �FDOOHG WKH EDLW URG� LQ WKH IRUP RI D SRURXV PDWHULDO� 7KLV SRURXV

VRRW LV UHGXFHG WR VPRRWK FOHDU JODVV E\ KHDWLQJ LW WR DSSUR[LPDWHO\ ���� & LQ D SURFHVV

FDOOHG VLQWHULQJ� 7KH UDGLDO GLPHQVLRQ LV EXLOW XS OD\HU E\ OD\HU LQ WKLV IDVKLRQ ZLWK ���

OD\HUV W\SLFDOO\ EHLQJ GHSRVLWHG� )RU D VWHS�LQGH[ nEHU� WKH FRQFHQWUDWLRQ RI LPSXULW\ LV

PDLQWDLQHG FRQVWDQW LQ DOO OD\HUV� )RU JUDGHG�LQGH[ nEHUV� WKH FRQFHQWUDWLRQ LV JUDGXDOO\

FKDQJHG IURP OD\HU WR OD\HU WR EXLOG XS D VWHSZLVH DSSUR[LPDWLRQ WR WKH GHVLUHG LQGH[

SURnOH�

��� 0&9' 3URFHVV >�^�@

2QH FRPPRQ PHWKRG RI IDEULFDWLQJ WKH SUHIRUP XVHV WKH PRGLnHG FKHPLFDO YDSRU GHSR�

VLWLRQ �0&9'� SURFHVV� GHYHORSHG E\ %HOO /DERUDWRULHV� 7KLV SURFHVV LV FDOOHG DQ LQVLGH

SURFHVV� VLQFH WKH GRSHG JODVV LV GHSRVLWHG RQ WKH LQVLGH VXUIDFH RI D KROORZ URG� �7KLV

FODVV RI LQVLGH SURFHVVHV LV FDOOHG WKH LQVLGH YDSRU SKDVH R[LGDWLRQ >,932@ SURFHVV�� 7KH

,932 SURFHVV KDV WKH DGYDQWDJH RI FRQnQLQJ WKH LQWHUDFWLRQ UHJLRQ� WKHUHE\ ORZHULQJ WKH

FKDQFHV RI FRQWDPLQDWLRQ E\ RXWVLGH LPSXULWLHV� 7KH SURFHVV LV LOOXVWUDWHG LQ )LJ� � RQ

WKH QH[W SDJH�

7KH JDVHRXV YDSRUV RI WKH JODVV DQG LPSXULWLHV HQWHU WKH KROORZ F\OLQGHU DV KRW

JDVHV DQG DUH DWWUDFWHG WR WKH FRRO ZDOOV RI WKH WXEH� 7KH WXEH URWDWHV WR SUHVHUYH WKH

F\OLQGULFDO V\PPHWU\ RI WKH GHSRVLWLRQ� $ WRUFK WUDYHUVHV WKH OHQJWK RI WKH WXEH WR KHDW

WKH GHSRVLWLRQ DQG VLQWHU WKH PDWHULDO LQWR VPRRWK JODVV� 6LQFH RQO\ WKH UHJLRQ QHDU WKH

WRUFK LV KHDWHG� WKLV SURFHVV LV FDOOHG ]RQH VLQWHULQJ�

$ YDULDWLRQ RI WKH 0&9' WHFKQLTXH XVHV DQ 5)�JHQHUDWHG SODVPD LQVLGH WKH WXEH WR

LQFUHDVH WKH VRRW GHSRVLWLRQ UDWH ZKLOH UHWDLQLQJ WKH RXWVLGH WRUFK WR VLQWHU WKH JODVV� ,W

LV FDOOHG PRGLnHG SODVPD FKHPLFDO YDSRU GHSRVLWLRQ�03&9'� >�@� $ YDULDWLRQ RQ WKLV

YDULDWLRQ XVHV D SODVPD IRU ERWK LQWHUQDO DQG H[WHUQDO KHDWLQJ RI WKH WXEH DQG LV FDOOHG

WKH 3KLOLSV SURFHVV DIWHU WKH FRPSDQ\ GHYHORSLQJ WKH WHFKQLTXH�

$IWHU WKH GHSRVLWLRQ SURFHVV LV FRPSOHWHG� WKH HQWLUH WXEH LV KHDWHG WR KLJK WHPSHU�

DWXUHV� WKHUHE\ FROODSVLQJ WKH WXEH DQG HOLPLQDWLQJ WKH FHQWUDO KROH� 7KLV VROLG URG LV

WKH SUHIRUP WKDW LV WKHQ XVHG LQ WKH GUDZLQJ PDFKLQH WR SURGXFH WKH nEHU� 3ULPDU\

GLVDGYDQWDJHV FHQWHU DURXQG WKH KLJK SXULW\ WXEH VWRFN UHTXLUHG IRU WKH SURFHVV� 9DULRXV

WHFKQLTXHV DUH XQGHU LQYHVWLJDWLRQ WR SURYLGH D ORZ FRVW� UHSURGXFLEOH PHDQV RI SURGXFLQJ



� )LEHU )DEULFDWLRQ

)LJXUH �� 'LDJUDP RI WKH 0&9' SURFHVV�

WKH WXEH VWRFN� $QRWKHU PLQRU GLVDGYDQWDJH LV WKH UHODWLYHO\ VORZ UDWH RI VRRW GHSRVLWLRQ

LQ WKH WXEH� 7KH GHYHORSPHQW RI WKH IDVWHU GHSRVLWLQJ SODVPD SURFHVV ZDV GULYHQ E\ WKLV

SUREOHP�

��� 2XWVLGH 9DSRU 'HSRVLWLRQ 3URFHVV >�� �� ��@

7KH RXWVLGH YDSRU SKDVH R[LGDWLRQ �2932� GHSRVLWLRQ SURFHVV RFFXUV RQ WKH RXWVLGH

VXUIDFH RI WKH KRVW PDWHULDO� 7KH SURFHVV LV VXEGLYLGHG LQWR WZR W\SHV� GHSHQGLQJ RQ

ZKHWKHU WKH QHZ PDWHULDO LV GHSRVLWHG UDGLDOO\ �ODWHUDOO\� RU ORQJLWXGLQDOO\ RQ WKH HQG RI

WKH KRVW� $JDLQ� WKH GHSRVLWLRQ SURFHVV LV EDVHG RQ WKH GHSRVLWLRQ RI VRRW IURP KRW JDVHV

FRQWDLQLQJ WKH JODVV PDWHULDO DQG WKH GRSDQWV�

����� 2932�/DWHUDO 'HSRVLWLRQ

7KH ODWHUDO GHSRVLWLRQ SURFHVV �)LJ� � RQ WKH IDFLQJ SDJH�� GHYHORSHG E\ &RUQLQJ *ODVV

:RUNV� GHSRVLWV WKH VRRW RQ D UHPRYDEOH KRVW PDWHULDO FDOOHG D EDLW URG� 7KLV URG LV

W\SLFDOO\ PDGH RI JUDSKLWH� IXVHG VLOLFD� RU FHUDPLF� 7KH URG DJDLQ URWDWHV WR DVVXUH

V\PPHWU\� 7KH OD\HUV DUH EXLOW XS LQ XQVLQWHUHG IRUP XQWLO W\SLFDOO\ ��� OD\HUV KDYH

EHHQ GHSRVLWHG� $IWHU WKH VRRW GHSRVLWLRQ SURFHVV� WKH LQQHU EDLW URG LV UHPRYHG DQG

WKH GHSRVLWHG PDWHULDO LV ]RQH VLQWHUHG WR UHGXFH LWV UDGLXV DQG WR IRUP WKH VPRRWK

JODVV� 1RWH WKDW ERWK WKH FRUH DQG FODGGLQJ PDWHULDO DUH GHSRVLWHG LQ WKLV FDVH� XQOLNH

WKH 0&9' GHSRVLWLRQ ZKHUH WKH KRVW WXEH EHFDPH WKH FODGGLQJ PDWHULDO� 7KH ODUJHU

QXPEHU RI OD\HUV LQ WKH 2932 SURFHVV DOORZV PRUH SUHFLVH FRQWURO RYHU WKH UHIUDFWLYH

LQGH[ SURnOH� +LJK EDQGZLGWK�GLVWDQFH nEHUV UHVXOW IURP WKLV FRQWURO� 7KH UHVXOWLQJ

SUHIRUPV DUH DOVR ORQJHU� DOORZLQJ PRUH nEHU WR EH GUDZQ �XS WR �� NP RI ��� xP



)LEHU )DEULFDWLRQ �

)LJXUH �� 2932 SURFHVV� �D� /DWHUDO GHSRVLWLRQ� �E� 6LQWHULQJ SURFHVV�



� )LEHU )DEULFDWLRQ

)LJXUH �� 3UHIRUP KROH UHPRYDO GXULQJ GUDZLQJ RI nEHU�

GLDPHWHU nEHU�� 2QH GLpFXOW\ >�@ KDV EHHQ WKH EUHDNDJH RI WKH JODVV EODQNV GXH WR

ORFDOL]HG VWUHVVHV ZKHUH WKH EDLW URG KDV EHHQ UHPRYHG� $QRWKHU SUREOHP KDV EHHQ WKH

SUHVHQFH RI KLJK FRQFHQWUDWLRQV RI K\GUR[\O LRQV DV D UHVXOW RI WKH oDPH EXUQLQJ� 7KLV

FDQ EH UHPRYHG E\ FDUHIXO GU\LQJ ZLWK JDVHRXV FKORULQH GXULQJ WKH VLQWHULQJ SURFHVV� $V

VKRZQ LQ )LJ� �� WKH KROH LQ WKH SUHIRUP LV UHPRYHG GXULQJ WKH PHOWLQJ SURFHVV DVVRFLDWHG

ZLWK WKH GUDZLQJ SURFHVV �DOWKRXJK D GLS LQ WKH LQGH[ RI UHIUDFWLRQ DORQJ WKH FHQWUDO D[LV

GXH WR WKH RXWZDUG GLmXVLRQ RI WKH LPSXULWLHV LQ WKH KHDWLQJ SURFHVV LV OHIW DV DQ DUWLIDFW��

����� 9DSRU $[LDO 'HSRVLWLRQ 3URFHVV >�� ��^��@

7KH YDSRU D[LDO GHSRVLWLRQ �9$'� SURFHVV� GHYHORSHG E\ 1LSSRQ 7HOHSKRQH DQG 7HOH�

JUDSK� VLPXOWDQHRXVO\ GHSRVLWV WKH FRUH DQG FODGGLQJ JODVV IURP oDPHV RQ WKH HQG RI D

URWDWLQJ IXVHG�VLOLFD EDLW URG� 6KRZQ LQ )LJ� � RQ WKH IDFLQJ SDJH� WKH PDWHULDO LV VLQWHUHG

DV WKH URWDWLQJ URG LV GUDZQ WKURXJK D IXUQDFH� 6LQFH WKH JURZWK LV FRQWLQXRXV� YHU\

ORQJ SUHIRUPV FDQ EH PDGH IURP WKLV WHFKQLTXH� LQ IDFW� SUHIRUPV \LHOGLQJ LQ H[FHVV RI

�� NP RI nEHU KDYH EHHQ PDGH� 7KH PHWKRG DOVR ODFNV D FHQWHU KROH DQG� WKURXJK WKH

FRPELQDWLRQ RI WKH GHSRVLWLRQ DQG VLQWHULQJ SURFHVV� FDQ PLQLPL]H WKH FRQWDPLQDWLRQ

SUREOHP� 7KLV WHFKQLTXH KDV DOVR EHHQ XVHG WR JURZ FRUH PDWHULDO WKDW LV WKHQ SODFHG

LQVLGH WXEHV RI FODGGLQJ PDWHULDO �FDOOHG WKH URG�LQ�WKH�WXEH WHFKQLTXH� RU WKDW LV SODVWLF�

FODG WR SURGXFH WKH SUHIRUP IRU nEHU GUDZLQJ� 2QH PDMRU SUREOHP ZLWK WKLV WHFKQLTXH



)LEHU )DEULFDWLRQ �

)LJXUH �� 9DSRU D[LDO GHSRVLWLRQ�



� )LEHU )DEULFDWLRQ

LV WKH SUHFLVLRQ RI FRQWURO RI WKH UHIUDFWLYH LQGH[ YDULDWLRQ� $OVR� WKH GHSRVLWLRQ UDWH RI

WKH PDWHULDO �W\SLFDOO\ ��� J�PLQ� LV ORZ FRPSDUHG ZLWK RWKHU WHFKQLTXHV�

� 'RXEOH�&UXFLEOH 7HFKQLTXH >�� �@

)RU ORZ�PHOWLQJ�WHPSHUDWXUH FRPSRXQG JODVVHV� D SUHIRUP LV QRW XVHG� ,QVWHDG WKH VWRFN

PDWHULDO LV SXULnHG DQG JURZQ LQWR URGV IURP VHHG JODVV� 7KLV VHHG JODVV LV PHOWHG DQG

XVHG LQ WKH nEHU JURZLQJ SURFHVV� DV VKRZQ LQ )LJ� � RQ WKH QH[W SDJH� +HUH WZR FRQFHQWULF

SODWLQXP KHDWLQJ FKDPEHUV FRQWDLQ WKH OLTXHnHG JODVV IRU WKH FRUH DQG FODGGLQJ� 7KH

nEHU LV GUDZQ IURP WZR FRQFHQWULF RULnFHV DW WKH RXWOHW RI WKH FUXFLEOHV� 7KH IHHG VWRFN

LV FRQWLQXRXVO\ IHG LQWR WKH FUXFLEOHV WR UHSOHQLVK WKH VXSSO\ RI JODVV� *UDGHG�LQGH[

nEHUV DUH PDGH LQ WKH GRXEOH�FUXFLEOH SURFHVV E\ DOORZLQJ WKH PROWHQ FODGGLQJ JODVV WR

FRQWDFW WKH FRUH JODVV RYHU D UHODWLYHO\ ORQJ OHQJWK EHIRUH WKH nEHU OHDYHV WKH FUXFLEOHV�

2YHU WKLV OHQJWK� GLmXVLRQ RI LRQV RFFXUV� FDXVLQJ D JUDGLHQW DQG� KHQFH� D YDULDWLRQ LQ

WKH LQGH[ RI UHIUDFWLRQ� 7KH DGYDQWDJHV >�@ RI WKH GRXEOH�FUXFLEOH SURFHVV LQFOXGH WKH

DELOLWLHV GUDZ ORQJ nEHUV� WR SURGXFH nEHUV ZLWK KLJK QXPHULF DSHUWXUHV� DQG WR DFKLHYH

ORZ FRVW� 'LVDGYDQWDJHV LQFOXGH WKH UHTXLUHPHQW IRU H[WUHPH FOHDQOLQHVV LQ WKH FUXFLEOHV

DQG RULnFHV DQG D UHODWLYHO\ ORZ EDQGZLGWK�GLVWDQFH SURGXFW �W\SLFDOO\ �� *+]cNP� >�@�
)RU PHGLXP�SHUIRUPDQFH nEHUV� KRZHYHU� WKH ORZ SURGXFWLRQ FRVWV HQVXUH D IXWXUH UROH
IRU WKLV WHFKQLTXH�

� )LEHU 'UDZLQJ >��^��@

2QFH D SUHIRUP KDV EHHQ PDGH E\ RQH RI WKH YDSRU�GHSRVLWLRQ WHFKQLTXHV� WKH nEHU LV
WKHQ GUDZQ LQ D GUDZLQJ HQJLQH RU GUDZLQJ PDFKLQH� $ EORFN GLDJUDP RI VXFK D PDFKLQH
LV VKRZQ LQ )LJ� � RQ SDJH ��� 7KH KHDW VRXUFH LV W\SLFDOO\ D JUDSKLWH RU WXQJVWHQ IXUQDFH
RU D ]LUFRQLD LQGXFWLRQ IXUQDFH� 8QLIRUPLW\ RI KHDWLQJ� ODFN RI FRQWDPLQDQWV� DQG VWDEOH
WHPSHUDWXUHV DUH WKH SULPDU\ UHTXLUHPHQWV RI WKH KHDWLQJ VRXUFH� :KHQ KHDWHG� WKH HQG
RI WKH SUHIRUP ZLOO EHFRPH PROWHQ DQG QHFN GRZQ LQWR D VPDOOHU FURVV�VHFWLRQ� EXW WKH
JODVV ZLOO SUHVHUYH WKH UHODWLYH FRUH�FODGGLQJ VL]H UHODWLRQ HVWDEOLVKHG LQ WKH IDEULFDWLRQ
RI WKH SUHIRUP� 6LQFH PRVW RI WKH nEHU SURSHUWLHV �ORVVHV� GHOD\� HWF�� DUH VHQVLWLYH WR
VPDOO FKDQJHV LQ WKH nEHU GLDPHWHU� D VHQVLWLYH GLDPHWHU VHQVRU LV UHTXLUHG� 7UDGLWLRQDOO\
D JRRG nEHU UHTXLUHV OHVV WKDQ h�� YDULDWLRQ LQ LWV GLDPHWHU� &RQWURO RI WKH GLDPHWHU
LV WKURXJK DQ DFWLYH PHFKDQLVP WKDW VHQVHV WKH nEHU GLDPHWHU DQG WKHQ DGMXVWV WKH
VSHHG RI WKH GUDZLQJ RSHUDWLRQ DFFRUGLQJO\� �6HH SUREOHPV DW WKH HQG RI WKH FKDSWHU��
9DULRXV RSWLFDO WHFKQLTXHV XVLQJ VFDQQHG ODVHUV� VFDWWHUHG OLJKW� VKDGRZJUDPV� DQG RWKHU
PHWKRGV KDYH EHHQ GHYHORSHG WR DFKLHYH WKH UHTXLUHG GLPHQVLRQDO VHQVLWLYLW\� ,Q WKH
GUDZLQJ SURFHVV� IDVW GUDZLQJ YHORFLWLHV FDXVH WKLQ nEHUV� WKHUHE\ DOORZLQJ WKH IHHGEDFN
FRQWURO V\VWHP WR PDLQWDLQ WKH nEHU VL]H�



)LEHU )DEULFDWLRQ �

)LJXUH �� 'RXEOH�FUXFLEOH SURFHVV�



�� )LEHU )DEULFDWLRQ

)LJXUH �� )LEHU GUDZLQJ PDFKLQH�

� )LEHU &RDWLQJ >�����@

$IWHU GUDZLQJ WKH nEHU� LW LV LPSRUWDQW WR SURWHFW WKH RXWVLGH VXUIDFH RI WKH nEHU IURP WKH
HQYLURQPHQW LPPHGLDWHO\� 7KLV LV QHFHVVDU\ EHFDXVH DQ\ GHIHFW RU oDZV LQ WKH RXWVLGH
VXUIDFH RI WKH FODGGLQJ ZLOO KDYH GHOHWHULRXV HmHFWV RQ WKH VWUHQJWK RI WKH nEHU� 7KH
FRDWLQJV XVHG PXVW EH IDVW GU\LQJ DQG SURYLGH FRPSOHWH SURWHFWLRQ IURP WKH VSRROLQJ
SURFHVV� 7\SLFDOO\� RQH RI WKUHH FRDWLQJV LV XVHG� XOWUDYLROHW FXUDEOH HSR[LHV� ODFTXHUV�
DQG WKHUPDOO\ FXUHG PDWHULDOV VXFK DV VLOLFRQH� (DFK FRDWLQJ UHTXLUHV D FXULQJ GHYLFH
VXUURXQGLQJ WKH nEHU� HLWKHU DQ XOWUDYLROHW OLJKW RU D VPDOO RYHQ� )LJXUH � RQ WKH QH[W
SDJH LOOXVWUDWHV WKH DSSOLFDWLRQ RI WKH OLTXLG FRDWLQJ PDWHULDO WKURXJK WKH XVH RI D FRDWLQJ
FXS�

��� +HUPHWLF�&RDWHG )LEHUV >����^��@

6HYHUDO DSSOLFDWLRQ DUHDV IRU nEHU RSWLFV UHTXLUH FRPELQDWLRQV RI KLJK VWUHQJWK >��������@
DQG ORQJ OLIH� 7DEOH � RQ WKH IDFLQJ SDJH FRQWDLQV D UHSUHVHQWDWLYH OLVW RI VRPH RI WKHVH
DSSOLFDWLRQV� �5HJXODU nEHU VWUHQJWK IRU RUGLQDU\ WHOHFRPPXQLFDWLRQV DSSOLFDWLRQV KDV
D SURRI VWUHQJWK RI DERXW ��� NSVL� 7KH VWUHQJWK GURSV WR ��� NSVL LQ �� GD\V� �� NSVL
DIWHU ��� GD\V� �� NSVL DIWHU WKUHH \HDUV� DQG DQ HVWLPDWHG �� NSVL DIWHU �� \HDUV�� )LEHU
FRDWLQJV DOVR SURORQJ WKH VKHOI�OLIH RI WKH nEHU E\ SURWHFWLQJ LW IURP WKH HQYLURQPHQW�
+HUPHWLF FRDWLQJV PD\ SURORQJ WKH OLIH IURP DQ HVWLPDWHG �� \HDUV WR ����� \HDUV�



)LEHU )DEULFDWLRQ ��

)LJXUH �� &RDWLQJ SURFHVV ZLWK FRDWLQJ FXS�

$SSOLFDWLRQ 2SHUDWLQJ FRQGLWLRQV

3UHVVXUH 7HPSHUDWXUH 6WUDLQ /LIHWLPH

2LO�ZHOO �� NSVL ���& �� ���� KUV

ORJJLQJ ��� NSVL

8QGHUVHDV �^�� NSVL �& WR ��& �� ��^�� \UV

FDEOH ��� NSVL

0LVVLOH � DWP b��& WR ���� WR �� �� \UV

WHWKHUV ���& ��^��� NSVL

&KHPLFDO � DWP 'HSHQGV RQ ���� WR �� �� \UV

VHQVRUV DSSOLFDWLRQ ��^��� NSVL �� \UV

6WDQGDUG � DWP b��& WR ���� WR �� ��^�� \UV

WHOFRPP ��& ��^��� NSVL �� \UV

7DEOH �� 7\SLFDO KLJK�VWUHQJWK nEHU DSSOLFDWLRQV �$IWHU -� .UHLGO� /LJKWZDYH� YRO� �� QR�

�� S� �� 1RYHPEHU� ������



�� )LEHU )DEULFDWLRQ

&RDWLQJ 7KLFNQHVV 0HGLDQ
�xP� VWUHQJWK �NSVL�

$OXPLQXP ��^�� ���
7LWDQLXP R[LGH �_� ���

7LQ R[LGH ����^����� ���
$OXPLQXP R[LGH ����^���� ���
6LOLFRQ R[\QLWULGH ����^���� ���^���
6LOLFRQ FDUELGH ����^���� ���

7LWDQLXP FDUELGH �����^���� �������
&DUERQ E\ &9' ����^����� ���^���
&DUERQ E\ SODVPD ����� ���
$QK\GURXV &+ �����^����� ���^���

7DEOH �� 7\SLFDO KHUPHWLF FRDWLQJV �$IWHU -� .UHLGO� /LJKWZDYH� YRO� �� QR� �� S� ��

1RYHPEHU� ������

+HUPHWLF FRDWLQJV DUH D PLFUROD\HU RI LQRUJDQLF PDWHULDO DURXQG WKH RXWHU FLUFXP�

IHUHQFH RI D nEHU ZLWK D WKLFNQHVV RI QR PRUH WKDQ D IHZ PLFURPHWHUV� 7KH FRDWLQJV

FDQ EH DSSOLHG WR KLJK�VWUHQJWK RU PHGLXP�VWUHQJWK nEHUV� LQFUHDVLQJ WKH OLIHWLPH RI WKH

FRDWHG nEHU DQG LPSURYLQJ \LHOGV �VLQFH nEHU WKDW IDLOV WR PHHW DQ\ VWUHQJWK WHVWV LV

GLVFDUGHG�� 7KH FRDWLQJ LV UHTXLUHG WR EH LPSHUPHDEOH� WR QRW DOORZ SLQKROH GHIHFWV� DQG

WR KDYH WKHUPDO H[SDQVLRQ SURSHUWLHV WKDW PDWFK WKH JODVV nEHU� &KHPLFDO YDSRU GHSR�

VLWLRQ WHFKQLTXHV DUH SUHIHUUHG IRU FRDWLQJ VLOLFD nEHUV� 7KH SULPDU\ DGYDQWDJH RI WKH

KHUPHWLF�FRDWHG nEHU LV LWV KLJKHU UHVLVWDQFH WR VWUHVV IDWLJXH� K\GURJHQ SHUPHDWLRQ� DQG

FRUURVLYH FKHPLFDOV� $GGLWLRQDOO\� FRDWHG nEHUV XVLQJ WLWDQLXP FDUELGH FDQ EH VROGHUHG

RU ERQGHG WR HQVXUH ZDWHUSURRI RSHUDWLRQ� DOORZLQJ WKH HQWLUH nEHU V\VWHP WR EH KHU�

PHWLFDOO\ VHDOHG �VLQFH VRXUFHV DQG UHFHLYHUV DUH DOUHDG\ DYDLODEOH LQ KHUPHWLFDOO\ VHDOHG

SDFNDJHV�� (mRUWV DUH DOVR XQGHUZD\ WR GHYHORS WHFKQLTXHV IRU VSOLFLQJ WKHVH nEHUV ZKLOH

UHWDLQLQJ WKH KHUPHWLF VHDO >��@�

6HYHUDO nEHU FRDWLQJV RQ VLOLFD nEHUV DUH XQGHU LQYHVWLJDWLRQ� DV VHHQ LQ 7DEOH ��

9DULRXV FRDWLQJV DUH EHLQJ VWXGLHG WR nQG DQ RSWLPXP FRPELQDWLRQ RI SURSHUWLHV DQG WR

SURYLGH SDWHQW SURWHFWLRQ IRU WKH GHYHORSHU�

� 3RO\PHU�&ODG 6LOLFD �3&6� )LEHUV

$ WKLUG W\SH RI nEHU LV PDGH E\ KHDWLQJ D URG RI SXULnHG IXVHG VLOLFD DQG GUDZLQJ

D nEHU� 7KLV nEHU LV LPPHGLDWHO\ FRDWHG ZLWK SODVWLF RU VLOLFRQH DQG FRYHUHG E\ DQ

H[WUXGHG SURWHFWLYH MDFNHW� +HUH WKH VLOLFD VHUYHV DV WKH FRUH PDWHULDO DQG WKH FRDWLQJ LV

WKH FODGGLQJ� 6XFK nEHUV W\SLFDOO\ KDYH ORVVHV RQ WKH RUGHU RI �� G%�NP RU PRUH� DUH

YHU\ LQH[SHQVLYH WR PDNH� DQG XVXDOO\ KDYH D IDLUO\ ODUJH FRUH�



)LEHU )DEULFDWLRQ ��

� 3UHIRUP DQG )LEHU�3URnOH &KDUDFWHUL]DWLRQ >��^��@

3UHIRUP FKDUDFWHUL]DWLRQ LV GRQH WR SUHGLFW WKH TXDOLW\ RI WKH UHVXOWLQJ nEHU EHIRUH GUDZ�

LQJ EHJLQV DQG WR VFUHHQ DJDLQVW XQDFFHSWDEOH PDWHULDOV� 7KH SULPDU\ SDUDPHWHU WR EH

PHDVXUHG LQ WKH SUHIRUP RU nEHU LV WKH LQGH[ RI UHIUDFWLRQ SURnOH� Q�U�� DFURVV WKH GLDP�

HWHU RI WKH JODVV� )RU WKH JHQHUDO FDVH RI D JUDGHG�LQGH[ nEHU� WKH SUHIRUP SURnOH LV D

VFDOHG UHSOLFD RI WKH nEHU SURnOH DQG FDQ EH JLYHQ E\

Q�U�  Q�
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ZKHUH U LV WKH UDGLDO FRRUGLQDWH� c LV WKH UHODWLYH LQGH[ GLmHUHQFH � >Q� b Q�@ Q���

DQG J LV WKH H[SRQHQW RI WKH SRZHU ODZ WKDW GHWHUPLQHV WKH SURnOH VKDSLQJ� 1HJOHFWLQJ

PDWHULDO GLVSHUVLRQ� WKH RSWLPXP YDOXH RI WKH SURnOH IDFWRU� JRSW� WKDW PD[LPL]HV WKH

nEHU EDQGZLGWK LV JLYHQ E\ UHSHDWHG KHUH DV

JRSW  �b
�Q�

1J�

w

c

Gc

Gw
� ���

7R DFKLHYH WKH SHUIRUPDQFH WKHRUHWLFDOO\ SUHGLFWHG IRU D nEHU� WKH PDQXIDFWXUHU PXVW

W\SLFDOO\ PDLQWDLQ WKH SURnOH WR ZLWKLQ �� RI LWV RSWLPDO YDOXH >��@� 6HYHUDO HmHFWV LQ

WKH IDEULFDWLRQ SURFHVV FRXQWHU WKLV DWWHPSW�

q $V SUHYLRXVO\ GHVFULEHG� VHYHUDO IDEULFDWLRQ WHFKQLTXHV GHSRVLW WKH JODVV LQ OD\HUV�

HDFK ZLWK D VOLJKWO\ GLmHUHQW LQGH[ RI UHIUDFWLRQ� 1HDU WKH FRUH FHQWHU� WKH OD\HUV

KDYH SURSRUWLRQDOO\ JUHDWHU WKLFNQHVV WKDQ WKH RXWHU OD\HUV RI WKH SUHIRUP� ,Q WKLV

UHJLRQ QHDU WKH FHQWHU� WKHUHIRUH� WKH LQGH[ GLVWULEXWLRQ ZLOO KDYH ULSSOHV� GXH WR

WKH VWHSZLVH DSSUR[LPDWLRQ WR WKH GHVLUHG SURnOH�

q $QRWKHU HmHFW FDXVLQJ YDULDWLRQ IURP WKH LGHDO LQGH[ SURnOH LV D GLVFRQWLQXLW\ LQ

WKH LQGH[ RI UHIUDFWLRQ DW WKH FRUH�FODGGLQJ LQWHUIDFH� 7KLV HmHFW LV REVHUYHG LQ

VRPH 0&9' SUHIRUPV�

q :KHQ WKH SUHIRUP LV PDGH E\ KHDWLQJ DQG FROODSVLQJ D WXEH ZLWK D FHQWHU KROH�

VRPH RI WKH LPSXULWLHV RI WKH LQQHUPRVW OD\HU HYDSRUDWH IURP WKH JODVV DW WKH LQQHU

VXUIDFH� 7KLV FDXVHV D GHSUHVVLRQ LQ WKH LQGH[ RI UHIUDFWLRQ DW WKH FHQWHU RI WKH

SUHIRUP� DV LOOXVWUDWHG E\ WKH SURnOH RI )LJ� � RQ WKH IROORZLQJ SDJH�

q 2FFDVLRQDOO\ WKH GRSDQW DWRPV ZLOO FOXPS WRJHWKHU GXH WR LPSHUIHFWLRQV LQ WKH

GRSLQJ SURFHVV RU LQKRPRJHQHLWLHV LQ WKH VRRW� 6XFK LQKRPRJHQHLWLHV WHQG WR FDXVH

LVRODWHG UHJLRQV WKDW GLmHU IURP WKH GHVLUHG LQGH[ SURnOH� 7KH EDQGZLGWK RI WKH

nEHU LV PRUH VHQVLWLYH WR WKLV HmHFW ZKHQ WKH LPSHUIHFWLRQV DUH ORFDWHG QHDU WKH

FRUH�FODGGLQJ LQWHUIDFH�



�� )LEHU )DEULFDWLRQ

)LJXUH �� 7\SLFDO UHIUDFWLYH LQGH[ SURnOH�

q 7KH UHIUDFWLYH�LQGH[ SURnOH FKDQJHV RYHU WKH OHQJWK RI WKH SUHIRUP GXH WR YDULDWLRQV

LQ WKH JHRPHWU\� WHPSHUDWXUH SURnOH� DQG GRSLQJ GHQVLW\�

'HYLDWLRQV IURP WKH LGHDO UHIUDFWLYH�LQGH[ SURnOH� GXH WR WKHVH PHFKDQLVPV� W\SL�

FDOO\ FDXVH DQ RUGHU RI PDJQLWXGH UHGXFWLRQ LQ WKH H[SHULPHQWDOO\ REVHUYHG EDQGZLGWK�

FRPSDUHG WR WKH SUHGLFWHG EDQGZLGWK LQ PRGHUQ nEHUV�

��� 5HoHFWLRQ 7HFKQLTXH

7KH HDUOLHVW SURnOH WHFKQLTXHV XVHG WKH UHoHFWLRQ FRHpFLHQW WR PHDVXUH WKH SURnOH� ,Q

WKLV UHoHFWLRQ WHFKQLTXH� D OLJKW EHDP LV IRFXVHG RQ WKH HQG RI D FXWRm VHFWLRQ RI D SUHIRUP

�DV LQ )LJ� �� RQ WKH QH[W SDJH� DQG WKH UHoHFWHG SRZHU LV PHDVXUHG DV WKH IRFXVHG EHDP

VFDQV UDGLDOO\� 7KH UHoHFWHG SRZHU LV SUHGLFWHG WR EH
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ZKHUH 3U LV WKH UHoHFWHG SRZHU� 3L LV WKH LQFLGHQW SRZHU� DQG Q�U� LV WKH UHIUDFWLYH LQGH[

SURnOH� 0HDVXUHPHQW RI WKH UHoHFWHG OLJKW SRZHU IRU D FRQVWDQW LQFLGHQW SRZHU DOORZV

FDOFXODWLRQ RI WKH Q�U� �VLQFH Q�U� PXVW EH SRVLWLYH�� 7KH FDOFXODWLRQ LV PDGH HDVLHU E\

FRQWLQXLQJ WKH VFDQQLQJ RXW WR WKH FODGGLQJ UHJLRQ� +HUH� WKH UHoHFWLYLW\ LV JLYHQ E\

3U FODG
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ZKHUH Q� LV WKH UHIUDFWLYH LQGH[ RI WKH FODGGLQJ DQG 3U FODG LV WKH SRZHU UHoHFWHG IURP

WKH FODGGLQJ UHJLRQ RI WKH nEHU� 7DNLQJ WKH UDWLR RI (T� � WR (T� � DQG GHnQLQJ LW DV



)LEHU )DEULFDWLRQ ��

)LJXUH ��� 5HoHFWLRQ WHFKQLTXH VHWXS�



�� )LEHU )DEULFDWLRQ

)LJXUH ��� *HRPHWU\ RI WKH WUDQVPLWWHG QHDU�nHOG WHFKQLTXH�

) �U�� ZH KDYH

) �U�  
3U�U�

3U FODG

� ���

)URP WKLV GHnQLWLRQ RI ) �U�� ZH nQG WKDW

Q�U�b Q�  
�Q�

�
b ���

S
) �U�b ��

�Q� � ��b �Q� b ��
S
) �U�

� ���

7KH H[SHFWHG YDULDWLRQV LQ UHoHFWLYLW\ LQ DQ RSWLFDO SUHIRUP DUH IDLUO\ VPDOO� 7KH V\VWHP

HUURUV HQFRXQWHUHG LQ LPSOHPHQWLQJ WKH UHoHFWLRQ WHFKQLTXH DUH VXpFLHQWO\ ODUJH WR JLYH

ODUJH HUURUV� 6XUIDFH FRQWDPLQDWLRQ HmHFWV DUH DOVR ODUJH HQRXJK WR JLYH HUURUV LQ WKH

PHDVXUHG UHoHFWLYLW\� ,Q LPSOHPHQWLQJ WKLV WHFKQLTXH� OLQHDUO\ SRODUL]HG OLJKW LV XVHG LQ

FRPELQDWLRQ ZLWK D TXDUWHU�ZDYH SODWH �LPPHGLDWHO\ LQ IURQW RI WKH JODVV VXUIDFH� WR UH�

PRYH XQGHVLUDEOH UHoHFWLRQV� 2WKHU WHFKQLTXHV KDYH JHQHUDOO\ VXUSDVVHG WKH SHUIRUPDQFH

RI WKH UHoHFWLRQ WHFKQLTXH�

��� 7UDQVPLWWHG 1HDU�)LHOG 7HFKQLTXH

7KH QH[W WHFKQLTXH� FDOOHG WKH WUDQVPLWWHG QHDU�nHOG WHFKQLTXH� XVHV WKH SURSHUWLHV RI

WKH OLJKW WUDQVPLWWHG IURP WKH HQG RI D nEHU WKDW KDV KDG DOO PRGHV XQLIRUPO\ H[FLWHG

E\ WKH VRXUFH� ,I RQH REVHUYHV WKH SDWWHUQ RI OLJKW DW D ORFDWLRQ FORVH WR WKH HQG RI WKH

nEHU �DV LQ )LJ� ���� LW FORVHO\ UHVHPEOHV WKH UHIUDFWLYH LQGH[ SURnOH RI WKH nEHU� 7KHRU\

SUHGLFWV WKDW WKH UHODWLRQ EHWZHHQ WKH SRZHU LQ WKH QHDU�nHOG SDWWHUQ DQG WKH UHIUDFWLYH

LQGH[ SURnOH LV >��� ��@
3 �U�

3 ���
 

Q��U�b Q�
�

Q����b Q�
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{

Q�U�b Q�

Q���b Q�

� ���



)LEHU )DEULFDWLRQ ��

ZKHUH 3 �U� LV WKH SRZHU LQ WKH QHDU�nHOG DW SRVLWLRQ U� 3 ��� LV WKH GHWHFWHG SRZHU DW

WKH FHQWHU RI WKH QHDU nHOG GLVWULEXWLRQ� Q�U� LV WKH UHIUDFWLYH LQGH[ SURnOH� Q��� LV WKH

UHIUDFWLYH LQGH[ DW WKH FHQWHU� DQG Q� LV WKH UHIUDFWLYH LQGH[ RI WKH FODGGLQJ� +HQFH�

Q�U�b Q� {

�Q���b Q��3 �U�

3 ���
� ���

7KH VRXUFH LV XVXDOO\ D ODUJH LQFRKHUHQW LOOXPLQDWRU WKDW H[FLWHV DOO RI WKH nEHU PRGHV�

$ IRFXVHG PLFURVFRSH LV XVHG WR VFDQ WKH SDWWHUQ FORVH WR WKH HQG RI WKH nEHU �RU SUHIRUP��

��� 5HIUDFWHG 1HDU�)LHOG 7HFKQLTXH >��@

7KH UHIUDFWHG QHDU�nHOG WHFKQLTXH LV XVHG WR FKDUDFWHUL]H nEHU LQGH[ SURnOHV� 7KLV WHFK�

QLTXH LV TXLWH DFFXUDWH DQG LV IUHH RI WKH HUURUV GXH WR OHDN\ ZDYHV WKDW DmHFW RWKHU

WUDQVPLVVLRQ WHFKQLTXHV� �7KH OHDN\ ZDYHV DUH OLJKW ZDYHV ZLWK H[SRQHQWLDOO\ GHFD\LQJ

WDLOV WKDW VSUHDG LQWR WKH FODGGLQJ� :KLOH VXFK ZDYHV ZLOO HYHQWXDOO\ EH DWWHQXDWHG IRU

SURSDJDWLRQ RYHU D ORQJ GLVWDQFH� WKH\ FDQ FDUU\ HQHUJ\ TXLWH IDU LQ VRPH FDVHV� FDXVLQJ

HUURUV LQ WKH PHDVXUHPHQW RI WKH UHIUDFWLYH LQGH[ SURnOH E\ WHFKQLTXHV WKDW PHDVXUH WKH

OLJKW WUDQVPLWWHG WKURXJK WKH nEHU��

7KH UHIUDFWHG QHDU�nHOG WHFKQLTXH UHPRYHV WKH HmHFWV RI WKHVH ZDYHV E\ VXUURXQGLQJ

WKH nEHU ZLWK DQ LQGH[�PDWFKLQJ VROXWLRQ WKDW PDWFKHV WKH FODGGLQJ LQGH[� $GGLWLRQDOO\�

DQ RSDTXH FROODU LV SODFHG DURXQG WKH nEHU �DV VKRZQ LQ )LJ� �� RQ WKH QH[W SDJH� WR

EORFN D SRUWLRQ RI WKH OLJKW WKDW LV FRXSOHG LQWR WKH LQGH[�PDWFKLQJ VROXWLRQ� 7KH OLJKW

SRZHU� FRXSOHG LQWR WKH PDWFKLQJ VROXWLRQ� WKDW SDVVHV EH\RQG WKH VFUHHQ LV FDSWXUHG

RQ WKH GHWHFWRU DQG LV PHDVXUHG� 7KH nEHU LV H[FLWHG E\ D IRFXVHG VSRW RI OLJKW WKDW LV

VFDQQHG WR GLmHUHQW SRVLWLRQV RQ WKH nEHU HQG �ZLWK WKH DLG RI D PLFURVFRSH�� ,I ZH OHW

3 �U� EH WKH WRWDO SRZHU DW WKH UHFHLYHU ZKHQ WKH LQSXW VSRW LV DW SRVLWLRQ U� WKHQ 6QHOO
V

ODZ SUHGLFWV

Q� VLQ t
�  Q�U� VLQ t ���

DQG

Q�U� FRV t  Q� FRV t
�� � ����

5HPRYLQJ t IURP WKHVH HTXDWLRQV JLYHV

Q� VLQ t
�  

T
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7KH DQJOH t��

PLQ
LV GHWHUPLQHG IURP WKH VL]H RI WKH FROODU� DV VHHQ LQ )LJ� �� RQ WKH

IROORZLQJ SDJH� 7KH DQJOH t�

PD[
LV GHWHUPLQHG E\ WKH PLFURVFRSH REMHFWLYH FKRVHQ WR

IRFXV WKH LOOXPLQDWLQJ OLJKW� ,W FDQ EH VKRZQ >��@ WKHQ WKDW

Q�U�b Q�  Q��FRV t
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ZKHUH 3 �D� LV WKH SRZHU PHDVXUHG DW WKH GHWHFWRU ZKHQ WKH LQFLGHQW VSRW LV IRFXVHG RQ

WKH FODGGLQJ DQG 3 �U� LV WKH SRZHU RQ WKH GHWHFWRU ZKHQ WKH LQFLGHQW VSRW LV D GLVWDQFH

U IURP WKH FHQWHU�



�� )LEHU )DEULFDWLRQ

)LJXUH ��� 5HIUDFWHG QHDU�nHOG WHFKQLTXH�

��� ,QWHUIHUHQFH 7HFKQLTXHV >�� ��@

,QWHUIHUHQFH RI FRKHUHQW RSWLFDO ZDYHV RmHUV D ZD\ WR PHDVXUH VPDOO FKDQJHV RI SKDVH

LQGXFHG E\ WKH UHIUDFWLYH LQGH[ SURnOH� 7ZR LQWHUIHUHQFH WHFKQLTXHV KDYH HYROYHG�

7KH nUVW LV WKH LQWHUIHURPHWULF VODE WHFKQLTXH� ZKLFK XVHV D SLHFH RI H[FLVHG nEHU RU

SUHIRUP �FXW IURP WKH SUHIRUP WLS� WKDW KDV EHHQ SROLVKHG DQG SUHSDUHG ZLWK SDUDOOHO

HGJHV� 7KH VODE LV SODFHG LQ DQ LQWHUIHUHQFH PLFURVFRSH DQG FRKHUHQW OLJKW LV SDVVHG

ORQJLWXGLQDOO\ WKURXJK WKH VDPSOH� DV LQ )LJ� �� RQ WKH QH[W SDJH� :KHQ FRPELQHG ZLWK

D UHIHUHQFH ZDYH� WKH OLJKW IRUPV DQ LQWHUIHUHQFH SDWWHUQ� DV LOOXVWUDWHG LQ )LJ� �� RQ

SDJH ��� 7KH LQWHUIHUHQFH IULQJHV LQ WKH FODGGLQJ PDWHULDO SURYLGH D UHIHUHQFH OLQH �DQG

FDQ EH XVHG WR FKHFN WKH SDUDOOHOQHVV RI WKH VXUIDFHV DQG WKH DOLJQPHQW RI WKH LQVWUXPHQW��

7KH GHoHFWLRQ� 6�U�� RI WKH LQWHUIHUHQFH IULQJH IURP WKH UHIHUHQFH OLQH DW D UDGLDO SRVLWLRQ

DORQJ WKH EDVHOLQH� U� LV PHDVXUHG DQG UHFRUGHG� )RU DQ LOOXPLQDWLRQ ZDYHOHQJWK� w� D VODE

WKLFNQHVV� G� DQG D IULQJH VSDFLQJ LQ WKH FODGGLQJ RI '� LQWHUIHUHQFH WKHRU\ >�@ SUHGLFWV D

UHIUDFWLYH LQGH[ SURnOH JLYHQ E\

Q�U�b Q�  
w6�U�

G'
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7KH SULPDU\ GLpFXOW\ ZLWK WKLV WHFKQLTXH LV WKH WLPH DQG SUHFLVLRQ UHTXLUHG LQ WKH

SUHSDUDWLRQ RI WKH VDPSOH�



)LEHU )DEULFDWLRQ ��

)LJXUH ��� 6HWXS IRU LQWHUIHUHQFH PLFURVFRSH�



�� )LEHU )DEULFDWLRQ

)LJXUH ��� *HRPHWU\ RI LQWHUIHUHQFH SDWWHUQ RI WKH LQWHUIHURPHWULF VODE WHFKQLTXH�



)LEHU )DEULFDWLRQ ��

)LJXUH ��� *HRPHWU\ RI WKH UD\�WUDFLQJ WHFKQLTXH DQG WKH IRFXVLQJ PHWKRG�

7KH VHFRQG LQWHUIHUHQFH WHFKQLTXH LV WKH WUDQVYHUVH LQWHUIHURPHWULF PHWKRG >��@� ZKLFK

LPPHUVHV WKH nEHU LQ D OLTXLG WKDW PDWFKHV WKH FODGGLQJ LQGH[ DQG LOOXPLQDWHV WKH nEHU

�RU SUHIRUP� IURP WKH VLGH ZLWK D FRKHUHQW ZDYH� $IWHU FRPELQLQJ ZLWK D UHIHUHQFH

ZDYH� WKH LQWHUIHUHQFH SDWWHUQ LV IRXQG� 8VLQJ D FRPSXWHU�FRQWUROOHG SDWWHUQ VFDQQHU� DQ

LQWHJUDO HTXDWLRQ FDQ EH VROYHG E\ WKH FRPSXWHU WR \LHOG WKH UHIUDFWLYH LQGH[ SURnOH� 7KH

DGYDQWDJH RI WKLV WHFKQLTXH LV LWV FRPSDUDWLYH VSHHG� VLQFH PLQLPDO VDPSOH SUHSDUDWLRQ

LV UHTXLUHG�

��� 5D\�7UDFLQJ 7HFKQLTXHV >��@

)LJXUH �� LOOXVWUDWHV WKH UHIUDFWLRQ RI D OLJKW UD\ LQFLGHQW RQ DQ RSWLFDO nEHU RU SUHIRUP

IURP WKH WUDQVYHUVH GLUHFWLRQ �ZLWK WKH nEHU LPPHUVHG LQ DQ LQGH[ PDWFKLQJ VROXWLRQ

ZLWK LQGH[ Q��� 2EYLRXVO\� WKH GHoHFWLRQ RI WKH UD\ LV GHSHQGHQW RQ 6QHOO
V /DZ DW

WKH LQWHUIDFHV DQG RQ WKH WKHRU\ RI SURSDJDWLRQ RI UD\V LQ PHGLD ZLWK LQKRPRJHQHRXV

YHORFLWLHV� )RU D FLUFXODUO\ V\PPHWULF nEHU� D UD\ HQWHULQJ DW KHLJKW� W��DV LQ )LJ� ��� ZLOO

DSSHDU DW D VFUHHQ D GLVWDQFH� /�DZD\ IURP WKH nEHU DW D KHLJKW� \�W�� JLYHQ E\
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�� )LEHU )DEULFDWLRQ

:LWK NQRZOHGJH RI \�W�� DV PHDVXUHG E\ LOOXPLQDWLQJ WKH VDPSOH ZLWK UD\V �L�H�� SHQFLO

EHDPV� DW YDULRXV YDOXHV RI W� WKH UHIUDFWLYH LQGH[ SURnOH FDQ EH FDOFXODWHG DV
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7KH SULPDU\ GLVDGYDQWDJH RI WKLV PHWKRG LV WKH QHHG WR IRUP WKH SHQFLO EHDPV DQG

WKH VHTXHQWLDO QDWXUH RI WKH PHDVXUHPHQW� 7KHVH GLVDGYDQWDJHV DUH RYHUFRPH E\ WKH

?IRFXVLQJ� PHWKRG� GLVFXVVHG QH[W�

��� )RFXVLQJ 0HWKRG >�����@

7KH IRFXVLQJ PHWKRG ZDV GHYHORSHG DV DQ LPSURYHG YHUVLRQ RI WKH UD\�WUDFLQJ WHFKQLTXH

WKDW ZRXOG LOOXPLQDWH WKH SUHIRUP ZLWK D FROOLPDWHG EHDP� WKHUHE\ SURGXFLQJ DOO UD\V

IURP WKH REMHFW VLPXOWDQHRXVO\� 7KH UHVXOWLQJ LPDJH ORFDWHG D GLVWDQFH� /� LV VFDQQHG LQ

WKH \ GLUHFWLRQ SURGXFLQJ D SRZHU GLVWULEXWLRQ� 3 �\��

)URP WKLV SRZHU GLVWULEXWLRQ LW LV SRVVLEOH WR GHGXFH WKH FRUUHVSRQGLQJ HQWU\ UD\

KHLJKW� W�\�� ZLWK WKH IRUPXOD

W�\�  

=
\

�

S�\�� G\� � ����

,Q SHUIRUPLQJ WKLV LQWHJUDO RQ D FRPSXWHU� WKH UHVXOWV DUH SDLUV RI YDOXHV RI \ DQG W�

8VLQJ WKHVH VDPH VHWV RI YDOXHV ZLWK W DV WKH LQGHSHQGHQW YDULDEOH DQG \ DV WKH GHSHQGHQW

YDULDEOH� WKH LQWHJUDO RI (T� �� FDQ EH HYDOXDWHG WR nQG Q�U��

7KH PHWKRG LV IDVW DQG QRQGHVWUXFWLYH� 7KH UHJLRQ LQ WKH FHQWHU LV VHQVLWLYH WR HUURU

LI WKH WKHUH LV GLS LQ WKH LQGH[ RI UHIUDFWLRQ� VLQFH WKH UD\V FDQ FURVV HDFK RWKHU EHIRUH

IDOOLQJ RQ WKH VFUHHQ �LQ YLRODWLRQ RI WKH LPSOLFLW DVVXPSWLRQV WKDW DUH PDGH LQ XVLQJ

(TXDWLRQV �� DQG ���� 7KH RYHUDOO VKDSH RI WKH LQGH[ SURnOH LV DFFXUDWHO\ SRUWUD\HG�

EXW VRPH HUURUV DUH PDGH LQ DWWHPSWLQJ WR SRUWUD\ DQ\ ULSSOH IHDWXUHV LQ WKH SURnOH�

&OHDQOLQHVV LV UHTXLUHG DW WKH VRXUFH� DW WKH JODVV�OLTXLG LQWHUIDFH� DQG DW WKH GHWHFWRU�

��� 'LDJQRVWLJUDP 7HFKQLTXH >��@

,Q WKLV PHWKRG� DSSOLHG WR SUHIRUPV� D FROOLPDWHG EHDP RI OLJKW �HLWKHU FRKHUHQW RU

LQFRKHUHQW� LOOXPLQDWHV WKH VDPSOH WUDQVYHUVHO\� 6LQFH WKH SUHIRUP LV D OD\HUHG VWUXFWXUH�

WKHUH ZLOO EH VXFFHVVLYH UHoHFWLRQV DQG WUDQVPLVVLRQV IURP WKH GLmHUHQW OD\HUV� :KHQ

LQWHUFHSWHG RQ WKH IDU VLGH RI WKH VDPSOH RQ D JURXQG JODVV VFUHHQ� WKHUH LV D SDWWHUQ

RI �LGHDOO\� SDUDOOHO OLQHV LQ WKH SUHIRUP LPDJH �FDOOHG D GLDJQRVWLJUDP�� (DFK OLQH LQ

WKH SDWWHUQ FRUUHVSRQGV WR D OD\HU LQ WKH SUHIRUP� $V WKH SUHIRUP LV URWDWHG� WKH LPDJH

FDQ EH LQVSHFWHG IRU V\PPHWU\ DQG WKH ORFDWLRQV RI GHIHFWV FDQ EH QRWHG TXDOLWDWLYHO\�

7KH WHFKQLTXH KDV EHHQ XVHG WR PHDVXUH FRUH VL]H DQG HOOLSWLFLW\� WR PHDVXUH WKH FRUH�

FODGGLQJ LQWHUIDFH KRPRJHQHLW\� WR LQVSHFW WKH XQLIRUPLW\ RI WKH OD\HU VWUXFWXUHV� WR

GHWHFW WKH SUHVHQFH RI DQ D[LDO GHSUHVVLRQ LQ WKH UHIUDFWLYH LQGH[ SURnOH� DQG WR ORFDWH



)LEHU )DEULFDWLRQ ��

LPSHUIHFWLRQV LQ WKH FRUH DQG FODGGLQJ� 7KH PHWKRG LV UDSLG� UHDO�WLPH� QRQGHVWUXFWLYH�

DQG QRQFRQWDFWLQJ�

� 6XPPDU\

,Q WKLV FKDSWHU ZH KDYH UHYLHZHG WKH IDEULFDWLRQ RI RSWLFDO nEHUV E\ ERWK KLJK� DQG

ORZ�WHPSHUDWXUH WHFKQLTXHV� WKH FKDUDFWHUL]DWLRQ RI ERWK SUHIRUPV DQG nEHUV WR PHDVXUH

WKHLU UHIUDFWLYH LQGH[ SURnOH� DQG� nQDOO\� WKH WHFKQLTXHV XVHG WR PHDVXUH WKH RSHUDW�

LQJ SHUIRUPDQFH RI WKH RSWLFDO nEHUV� 7KH IDEULFDWLRQ PHWKRGV DUH GRPLQDWHG E\ WKH

YDSRU�SKDVH SURFHVVHV WKDW HQVXUH WLJKW FRQWURO RYHU WKH SXULW\ RI WKH GHSRVLWLRQ DQG WKH

OD\HU WKLFNQHVVHV� 7R PHDVXUH WKH UHVXOWLQJ SUHIRUPV DQG nEHUV� D YDULHW\ RI LQJHQLRXV

WHFKQLTXHV KDYH EHHQ GHYLVHG WR PHHW WKH UHTXLUHG PHDVXUHPHQW WROHUDQFHV�

�� 3UREOHPV

�� 8VLQJ WKH SULQFLSOH RI FRQVHUYDWLRQ RI PDVV� FDOFXODWH WKH DSSUR[LPDWH OHQJWK RI nEHU WKDW

ZLOO EH REWDLQHG IURP D �� PP GLDPHWHU SUHIRUP WKDW LV � P ORQJ � � �

�D� � � � LI WKH RXWVLGH GLDPHWHU �2�'�� RI WKH nEHU LV ��� xP�

�E� � � � LI WKH 2�'� LV ��� xP"

�� $VVXPH DQ LGHDO nEHU GUDZLQJ SURFHVV�

�D� &DOFXODWH WKH GLDPHWHU RI D nEHU GUDZQ IURP D SUHIRUP ZLWK DQ RXWVLGH GLDPHWHU RI

�� PP PRYLQJ ZLWK D ��� PP�V YHORFLW\ LI WKH nEHU WDNH^XS YHORFLW\ LV ���� P�V"

�E� )LQG WKH YHORFLW\ RI WKH SUHIRUP IHHG PHFKDQLVP UHTXLUHG WR PDNH D nEHU ZLWK DQ

RXWVLGH GLDPHWHU RI ��� xP�

�� $ VLOLFD WXEH ZLWK DQ LQQHU GLDPHWHU RI � PP DQG DQ RXWHU GLDPHWHU RI � PP LV WR EH XVHG

LQ D 0&9' SURFHVV WR PDNH SUHIRUP IRU D nEHU ZLWK D �� xP FRUH GLDPHWHU DQG DQ RXWVLGH

GLDPHWHU RI ��� xP�

�D� &DOFXODWH WKH WKLFNQHVV RI WKH PDWHULDO WKDW VKRXOG EH GHSRVLWHG LQVLGH WKLV WXEH�

�E� &DOFXODWH WKH GLDPHWHU RI WKH FRUH PDWHULDO DQG WKH GLDPHWHU RI WKH SUHIRUP DIWHU WKH

FHQWHU KROH KDV EHHQ UHPRYHG�

�F� ,I WKLV SUHIRUP LV WR EH XVHG LQ D GUDZLQJ PDFKLQH WKDW IHHGV LQ WKH SUHIRUP DW D UDWH

RI � FP�V� ZKDW VKRXOG WKH nEHU GUDZLQJ VSHHG EH �DVVXPLQJ DQ LGHDO SURFHVV�"

�� 7KH LQWHUIHURPHWULF�VODE WHFKQLTXH LV XVHG WR PHDVXUH WKH UHIUDFWLYH LQGH[ RI D nEHU� 7KH

nEHU LV IRXQG WR KDYH DQ LQGH[ SURnOH JLYHQ E\ Q�U�  Q�>� b c�U D�@ �L�H�� D WULDQJXODU
SURnOH�� 6NHWFK WKH RXWSXW IURP WKH LQWHUIHUHQFH PLFURVFRSH IRU WKLV FDVH�



�� )LEHU )DEULFDWLRQ

5HIHUHQFHV

>�@ .� %HDOHV� &� 'D\� $� 'XQQ� DQG 6� 3DUWLQJWRQ� ?0XOWLFRPSRQHQW JODVV nEHUV IRU RSWLFDO
FRPPXQLFDWLRQV�� 3URF� ,(((� YRO� ��� QR� ��� SS� ����^����� �����

>�@ :� *� )UHQFK� 5� (� -DHJHU� -� %� 0DF&KHVQH\� 6� 5� 1DJHO� .� 1DVVDX� DQG $� '� 3HDUVRQ�
?)LEHU SUHIRUP SUHSDUDWLRQ�� LQ 2SWLFDO )LEHU 7HOHFRPPXQLFDWLRQV �6� (� 0LOOHU DQG $� *�
&K\QRZHWK� HGV��� SS� ���^���� 1HZ <RUN� $FDGHPLF 3UHVV� �����

>�@ 3� 6KXOW]� ?3URJUHVV LQ RSWLFDO ZDYHJXLGH SURFHVV DQG PDWHULDOV�� $SSOLHG 2SWLFV� YRO� ���
SS� ���^���� �����

>�@ -� 0DF&KHVQH\� ?0DWHULDOV DQG SURFHVVHV IRU SUHIRUP IDEULFDWLRQ _ PRGLnHG YDSRU GHSRVL�
WLRQ DQG SODVPD YDSRU GHSRVLWLRQ�� 3URF� ,(((� YRO� ��� QR� ��� SS� ����^����� �����

>�@ 6� 5� 1DJHO� ?$Q RYHUYLHZ RI WKH PRGLnHG FKHPLFDO YDSRU GHSRVLWLRQ �0&9'� SURFHVV DQG
SHUIRUPDQFH�� ,((( -� 4XDQWXP (OHFWURQLFV� YRO� 4(^��� QR� �� SS� ���^���� �����

>�@ '� 3� -DEORQRZVNL� ?)LEHU PDQXIDFWXUH DW $7	7 ZLWK WKH 0&9' SURFHVV�� -� /LJKWZDYH

7HFKQRORJ\� YRO� /7^�� QR� �� SS� ����^����� �����

>�@ 6� 5� 1DJHO� ?)LEHU PDWHULDO DQG IDEULFDWLRQ PHWKRGV�� LQ 2SWLFDO )LEHU 7HOHFRPPXQLFDWLRQV

,, �6� (� 0LOOHU DQG ,� 3� .DPLQRZ� HGV��� SS� ���^���� 1HZ <RUN� $FDGHPLF 3UHVV� �����

>�@ +� /\GWLQ� ?3&9'� $ WHFKQLTXH VXLWDEOH IRU ODUJH^VFDOH IDEULFDWLRQ RI RSWLFDO nEHUV�� -�

/LJKWZDYH 7HFKQRORJ\� YRO� /7^�� QR� �� SS� ����^����� �����

>�@ 0� %ODNHQVKLS DQG &� 'HQND� ?7KH RXWVLGH YDSRU GHSRVLWLRQ PHWKRG RI IDEULFDWLQJ RSWLFDO
ZDYHJXLGH nEHUV�� ,((( -� 4XDQWXP (OHFWURQLFV� YRO� 4(^��� QR� ��� SS� ����^����� �����

>��@ 5� 9� 9DQGHZRHVWLQH DQG $� -� 0RUURZ� ?'HYHORSPHQWV LQ RSWLFDO ZDYHJXLGH IDEULFDWLRQ E\
WKH RXWVLGH YDSRU GHSRVLWLRQ SURFHVV�� -� /LJKWZDYH 7HFKQRORJ\� YRO� /7^�� QR� �� SS� ����^
����� �����

>��@ 7� ,]DZD DQG 1� ,QDJDNL� ?0DWHULDOV DQG SURFHVVHV IRU nEHU SUHIRUP IDEULFDWLRQ _ YDSRU^
SKDVH D[LDO GHSRVLWLRQ�� 3URF� ,(((� YRO� ��� QR� ��� SS� ����^����� �����

>��@ .� ,QDGD� ?5HFHQW SURJUHVV LQ nEHU IDEULFDWLRQ WHFKQLTXHV E\ YDSRU^SKDVH D[LDO GHSRVLWLRQ��
,((( -� 4XDQWXP (OHFWURQLFV� YRO� 4(^��� QR� ��� SS� ����^����� �����

>��@ +� 0XUDWD� ?5HFHQW GHYHORSPHQWV LQ YDSRU SKDVH D[LDO GHSRVLWLRQ�� -� /LJKWZDYH 7HFKQRORJ\�
YRO� /7^�� QR� �� SS� ����^����� �����

>��@ 5� (� -DHJHU� $� '� 3HDUVRQ� -� &� :LOOLDPV� DQG +� 0� 3UHVE\� ?)LEHU GUDZLQJ DQG FRQWURO��
LQ 2SWLFDO )LEHU 7HOHFRPPXQLFDWLRQV �6� (� 0LOOHU DQG $� *� &K\QRZHWK� HGV��� SS� ���^����
1HZ <RUN� $FDGHPLF 3UHVV� �����

>��@ /�/� %O\OHU� -U� DQG )� 'L0DUFR� ?)LEHU GUDZLQJ� FRDWLQJ� DQG MDFNHWLQJ�� 3URF� ,(((�
YRO� ��� QR� ��� SS� ����^����� �����

>��@ 8� 3DHN� ?+LJK^VSHHG KLJK^VWUHQJWK nEHU GUDZLQJ�� -� /LJKWZDYH 7HFKQRORJ\� YRO� /7^��
QR� �� SS� ����^����� �����

>��@ <� +LELQR DQG +� +DQDIXVD� ?&RQVROLGDWLRQ^DWPRVSKHUH LQoXHQFH RQ GUDZLQJ^LQGXFHG GH�
IHFWV LQ SXUH VLOLFD RSWLFDO nEHUV�� -� /LJKWZDYH 7HFKQRORJ\� YRO� �� QR� �� SS� ���^���� �����
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>��@ /HH /� %O\OHU� -U�� %� 5� (LFKHQEDXP� DQG +� 6FKRQKRUQ� ?&RDWLQJV DQG MDFNHWV�� LQ 2SWLFDO

)LEHU 7HOHFRPPXQLFDWLRQV �6� (� 0LOOHU DQG $� *� &K\QRZHWK� HGV��� SS� ���^���� 1HZ <RUN�
$FDGHPLF 3UHVV� �����

>��@ -� .UHLGO� ?$ VXUJH LQ PLOLWDU\ GHPDQG IRU KHUPHWLF nEHU�� /LJKWZDYH� YRO� �� QR� ��� S� ��
1RYHPEHU �����

>��@ .� /X� *� *ODVHPDQQ� 5� 9DQGHZRHVWLQH� DQG *� .DU� ?5HFHQW GHYHORSPHQWV LQ KHUPHWLFDOO\
FRDWHG nEHU�� -� /LJKWZDYH 7HFKQRORJ\� YRO� �� QR� �� SS� ���^���� �����

>��@ &� %� .XUNMLDQ� -� 7� .UDXVH� DQG 0� -� 0DWWKHZVRQ� ?6WUHQJWK DQG IDWLJXH RI VLOLFD RSWLFDO
nEHUV�� -� /LJKWZDYH 7HFKQRORJ\� YRO� �� QR� �� SS� ����^����� �����

>��@ 1� <RVKL]DZD� +� 7DGD� DQG <� .DWVX\DPD� ?6WUHQJWK LPSURYHPHQW DQG IXVLRQ VSOLFLQJ IRU
FDUERQ^FRDWHG RSWLFDO nEHU�� -� /LJKWZDYH 7HFKQRORJ\� YRO� �� QR� �� SS� ���^���� �����

>��@ &� .XUNMLDQ DQG '� ,QQLVV� ?8QGHUVWDQGLQJ PHFKDQLFDO SURSHUWLHV RI OLJKWJXLGHV� D FRPPHQ�
WDU\�� 2SWLFDO (QJLQHHULQJ� YRO� ��� QR� �� SS� ���^���� �����

>��@ 9� %RJDW\UMRY� 0� %XEQRY� (� 'LDQRY� 6� 5XP\DQW]HY� DQG 6� 6HPMRQRY� ?0HFKDQLFDO UH�
OLDELOLW\ RI SRO\PHU^FODG DQG KHUPHWLFDOO\ FRDWHG nEHUV EDVHG RQ SURRI WHVWLQJ�� 2SWLFDO

(QJLQHHULQJ� YRO� ��� QR� �� SS� ���^���� �����

>��@ '� ,QQLVV DQG -� .UDXVH� ?+HUPHWLF VSOLFH RYHUFRDWLQJ�� 2SWLFDO (QJLQHHULQJ� YRO� ��� QR� ��
SS� ���^���� �����

>��@ /� *� &RKHQ� 3� .DLVHU� 3� '� /D]D\� DQG +� 0� 3UHVE\� ?)LEHU FKDUDFWHUL]DWLRQ�� LQ 2SWLFDO

)LEHU 7HOHFRPPXQLFDWLRQV �6� (� 0LOOHU DQG $� *� &K\QRZHWK� HGV��� SS� ���^���� 1HZ <RUN�
$FDGHPLF 3UHVV� �����

>��@ +� 3UHVE\ DQG '� 0DUFXVH� ?2SWLFDO nEHU SUHIRUP GLDJQRVWLFV�� $SSOLHG 2SWLFV� YRO� ���
QR� ��� SS� ��^��� �����

>��@ &� 6DHNDQJ� 3� &KX� DQG 7� :KLWEUHDG� ?1RQGHVWUXFWLYH PHDVXUHPHQWV RI UHIUDFWLYH^LQGH[
SURnOH DQG FURVV^VHFWLRQDO JHRPHWU\ RI RSWLFDO nEHU SUHIRUPV�� $SSOLHG 2SWLFV� YRO� ��� QR� ��
SS� ����^����� �����

>��@ 3��/� )UDQFRLV� ,� 6DVDNL� DQG 0� $GDPV� ?3UDFWLFDO WKUHH^GLPHQVLRQDO SURnOLQJ RI RSWLFDO
nEHUV�� ,((( -� 4XDQWXP (OHFWURQLFV� YRO� 4(^��� QR� �� SS� ���^���� �����

>��@ :� 6WHZDUW� ?2SWLFDO nEHU DQG SUHIRUP SURnOLQJ WHFKQRORJ\�� ,((( -� 4XDQWXP (OHFWURQLFV�
YRO� 4(^��� QR� ��� SS� ����^����� �����

>��@ .� 0RULVKLWD� ?,QGH[ SURnOLQJ RI WKUHH^GLPHQVLRQDO RSWLFDO ZDYHJXLGHV E\ WKH SURSDJDWLRQ^
PRGH QHDU^nHOG WHFKQLTXH�� -� /LJKWZDYH 7HFKQRORJ\� YRO� /7^�� QR� �� SS� ����^����� �����

>��@ .� 5DLQH� -� %DUQHV� DQG '� 3XWODQG� ?5HIUDFWLYH LQGH[ SURnOLQJ _ 6WDWH RI WKH DUW�� -�

/LJKWZDYH 7HFKQRORJ\� YRO� �� QR� �� SS� ����^����� �����

>��@ -� +HOPV� -� 6FKPLGWFKHQ� %� 6FK�XSSHUW� DQG .� 3HWHUPDQQ� ?(UURU DQDO\VLV IRU UHIUDFWLYH^
LQGH[ SURnOH GHWHUPLQDWLRQ IURP QHDU^nHOG PHDVXUHPHQWV�� -� /LJKWZDYH 7HFKQRORJ\� YRO� ��
QR� �� SS� ���^���� �����

>��@ )� 3� .DSURQ� ?)LEHU�RSWLF WHVW PHWKRGV�� LQ )LEHU 2SWLFV +DQGERRN IRU (QJLQHHUV DQG

6FLHQWLVWV �)� &� $OODUG� HG��� SS� ���^����� 1HZ <RUN� 0F*UDZ�+LOO� �����
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>��@ '� 0DUFXVH� '� *ORJH� DQG (� $� 0DUFDWLOL� ?*XLGLQJ SURSHUWLHV RI nEHUV�� LQ 2SWLFDO )LEHU

7HOHFRPPXQLFDWLRQV �6� (� 0LOOHU DQG $� *� &K\QRZHWK� HGV��� SS� ��^���� 1HZ <RUN� $FD�
GHPLF 3UHVV� �����

>��@ $� +� &KHULQ� ,QWURGXFWLRQ WR 2SWLFDO )LEHUV� 1HZ <RUN� 0F*UDZ�+LOO� �����

>��@ -� 6HQLRU� 2SWLFDO )LEHU &RPPXQLFDWLRQV� 3ULQFLSOHV DQG 3UDFWLFH� (QJOHZRRG &OLmV� 1-�
3UHQWLFH +DOO� �����

>��@ 0� 6DXQGHUV� ?1RQGHVWUXFWLYH LQWHUIHURPHWULF PHDVXUHPHQW RI WKH GHOWD DQG DOSKD RI RSWLFDO
nEHUV�� $SSOLHG 2SWLFV� YRO� ��� QR� �� SS� ����^����� �����

>��@ .� ,JD DQG <� .RNREXQ� ?)RUPXODV IRU FDOFXODWLQJ WKH UHIUDFWLYH LQGH[ SURnOH RI RSWLFDO nEHUV
IURP WKHLU WUDQVYHUVH LQWHUIHUHQFH SDWWHUQV�� $SSOLHG 2SWLFV� YRO� ��� QR� ��� SS� ����^�����
�����

>��@ +� 3UHVE\ DQG '� 0DUFXVH� ?7KH LQGH[^SURnOH FKDUDFWHUL]DWLRQ RI nEHU SUHIRUPV DQG GUDZQ
nEHUV�� 3URF� ,(((� YRO� ��� QR� ��� SS� ����^����� �����

>��@ '� 0DUFXVH DQG +� 3UHVE\� ?(mHFWV RI SURnOH GHIRUPDWLRQV RQ nEHU EDQGZLGWK�� $SSOLHG

2SWLFV� YRO� ��� SS� ����^����� �����

>��@ '� 0DUFXVH� ?5HIUDFWLYH LQGH[ GHWHUPLQDWLRQ E\ WKH IRFXVLQJ PHWKRG�� $SSOLHG 2SWLFV�
YRO� ��� QR� �� SS� �^��� �����

>��@ 0� 6FKZDUW]� 3� *DJHQ� DQG 0� 6DQWDQD� ?)LEHU FDEOH GHVLJQ DQG FKDUDFWHUL]DWLRQ�� 3URF�

,(((� YRO� ��� QR� ��� SS� ����^����� �����

>��@ 6� )RRUG� ?)LEUH^RSWLF FDEOHV�� LQ 2SWLFDO )LEUH &RPPXQLFDWLRQ 6\VWHPV �&� 6DQGEDQN� HG���
SS� ��^��� 1HZ <RUN� :LOH\� �����

>��@ 7� 1DNDKDUD DQG 1� 8FKLGD� ?2SWLFDO FDEOH GHVLJQ DQG FKDUDFWHUL]DWLRQ LQ -DSDQ�� 3URF�

,(((� YRO� ��� QR� ��� SS� ����^����� �����

>��@ -� (� *RHOO� ?2SWLFDO nEHU FDEOH�� LQ )XQGDPHQWDOV RI 2SWLFDO )LEHU &RPPXQLFDWLRQV �0� )�
%DUQRVNL� HG��� SS� ���^���� 1HZ <RUN� $FDGHPLF 3UHVV� �����
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